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Abstract
Bulk metallic glass (BMG) has good mechanical strength, high hardness, wear resistance, and corrosion resistance with
promising application in various industries. However, for the industrial production of BMG, the main issue is how to
overcome limitations of joining with other materials. The present study focuses on solder processing at low operating
temperature to avoid exceeding the recrystallization temperature. A feasible joining process for BMG was developed using
lead-free solders. The BMG surface is pre-plated with copper, nickel, or titanium as a wetting layer. The reaction
temperature is set between the glass transition temperature of BMG and the melting point of the solder. After a reflowing
and aging process, the joint sample was examined using SEM, EDS, EPMA, and XRD. The Cu–Zr based BMG can be
successfully joined with Sn-58Bi solder after plating Cu on the BMG surface. A diffusion layer was observed and the
thickness increased with longer aging time. The main components of the diffusion layer are ZrO2 and Cu10Zr7.

Abstrak
Analisis Reaksi Antarmuka antara Tembaga, Nikel, dan Titanium Berlapis Bulk Metallic Glass dengan Solder
Bebas Timbal. Bulk metallic glass (BMG) memiliki kekuatan mekanik yang baik, kekerasan tinggi, ketahanan aus, dan
ketahanan korosi. BMG memiliki masa depan yang sangat menjanjikan di dunia industri. Namun, untuk penerapan BMG
dalam produksi industri, masalah utama adalah bagaimana mengatasi sambungan dengan material lain. Penelitian ini
berfokus pada pemrosesan solder, dengan suhu operasi rendah dengan tujuan untuk menghindari suhu rekristalisasi.
Dengan menggunakan solder bebas timah, studi ini mengembangkan proses penggabungan dengan BMG. Permukaan
BMG dilapisi Tembaga atau Nikel atau Titanium sebagai wetting layer. Temperatur reaksi diatur antara suhu transisi gelas
BMG dan titik lebur solder. Setelah proses reflowing dan aging, sambungan yang terbentuk diuji SEM, EDS, EPMA, dan
XRD. Ditemukan bahwa BMG berbasis Cu–Zr dapat bergabung dengan solder Sn-58Bi setelah dilapisi Cu pada
permukaan BMG. Perkembangan lapisan difusi dan ketebalannya diamati meningkat dengan waktu penuaan yang lebih
lama. Komponen utama dari lapisan difusi adalah ZrO2 dan Cu10Zr7.
Keywords: bulk metallic glass, solder bebas timbal, solder

1. Introduction

resistance. Recently, BMGs have been used in the
electrical industry [1]. Previous studies have shown that
at low temperature, the joining process, as in the
soldering process, can be used to connect BMGs with other
BMGs and crystalline metals [3]. To avoid glass phase
recrystallization, a joining process at low temperature,
such as soldering, is carried out to connect BMGs. Cu–
Zr alloys have excellent corrosion resistance. The
advantages of BMG Cu–Zr, amorphous alloys, are the

Metallic glasses are a new class of amorphous materials
and their development has been conducted with cooling
between 105–106 K/s [1]. The term “bulk” in metallic
glass is defined as a diameter or thickness of at least 1
mm [2]. Some bulk metallic glasses (BMGs) have good
tensile strength with good resistance, excellent production
capability, low internal friction, and good corrosion
8
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low material price, unique mechanical properties, and
glass forming ability to ensure crystallization during
fabrication [4].
Soldering has been developed to connect metals at
temperatures less than 425 °C [5]. Sn-58% Bi (SB) and
Sn-9% Zn (SZ) alloys are lead-free solders with the
potential for renewable electronic packaging technology
[6]. SB and SZ solders have specific characteristics,
such as a low melting temperature and connection
reliability of the SB, and high strength, high elongation
resistance, high thermal fatigue resistance, and low
operational costs of the SZ solder, that can be applied to
electronic manufacturing processes [7]. Both solders are
environmentally-friendly materials.
Studies on the reflow temperature profiles typically focus
on the shear strength performance and microstructure
characterization. Previous studies reported that the
reflowing process had three peaks, 12 °C, 22 °C, and 32
°C above the temperature of the solder liquidus [8]. If
the condition has a set excessive peak temperature, then
the defect possibilities are delamination, charring, cold
joints, excessive intermetallics, leaching, and a brittle
solder joint. Slow and excessive cooling rates will also
affect the grain structure due to annealing, solder
detachment, thick intermetallic growth, and low fatigue
resistance. However, high cooling rates can result in
internal cracking at the solder joints, delamination from
connection boards used as bearings, and high heat
stresses in the cooling area [9]. Aging can also lead to
the development of an intermetallic compound (IMC).
For example, studies reported that the IMC thickness of
the SnAgCu connected with solder increased from 1–2.5
to 3–4.5 microns after aging at 150 °C for 300 hours [8].
Research on BMG Cu–Zr is still not widely reported. If
the temperature exceeds the recrystallization temperature
of the metallic glass, the amorphous structure can be
easily damaged. A study of the interfacial reaction
between the SB and SZ solders with Cu–Zr BMG was
conducted using low recrystallization heating of BMG.
This research focused on soldering methods using leadfree solder and copper (Cu), titanium (Ti), and nickel
(Ni) as the coating elements. The results of the
connections were compared.

2. Methods
BMG Sample Preparation. Cu–Zr alloys with a
composition of Cu45Zr45Al5Ag5 were prepared with Cu,
Zr, Al, and Ag metals (purities greater than 99.9%). The
mixture of pure Cu, Zr, Al, and Ag metals was melted
using argon arc melting. Argon is most commonly used
as an inert shielding gas to avoid the formation of metal
oxide effects in high-temperature environments. The
alloy was melted again followed by rapid cooling to less
than −25 °C, at which point the copper mold was cold.
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The aim was to produce an amorphous solid. A suction
pump system was used to get the sample into the cold
copper mold very quickly after melting. The samples
were formed into cylindrical rods with a diameter of 2–
4 mm and a length of 30 mm. The rods were then cut
into disks with a diameter of 4 mm and a thickness of 1
mm using a diamond cutting machine (Secotom-10,
Struers, Denmark). The surface of the disk-shaped
samples was carefully ground to remove the oxide and
the samples cleaned were with alcohol.
Coating. The coating system used anodes and cathodes
(electroplating) as well as containers containing the
cathode to be coated (metallic glass). Commerciallyavailable sulfuric acid (CuSO4.5H2O) (Alfa Aesar) was
used for the Cu coatings, while nickel sulfate
(NiSO4.6H2O) was used for the Ni coatings. Cu or Ni
coated an anode operated with a DC power supply
(Instek, Programmable Power Supply PSM-6003). The
current supply formed a circuit, and in the coating
process, the coating solution was stirred using a magnet
to ensure uniform coating conditions. The parameters
and conditions are shown in Table 1. The thickness of
the copper and nickel metal layer was 2 µm. The coated
sample was then cleaned repeatedly using deionized
water to remove the acid. The sample was then dried in
open air to remove the water.
The sputtering process was performed at the Chemical
Engineering Building, National Tsing Hua University,
Taiwan. The disk-shaped sample was ground to 1200
grits for a flat surface. The sample was then firmly
attached to the glass using copper bandages. The
operating conditions are shown in Table 2.
Liquid/Solid Interfacial Reaction. The layered structure
used in the joint reaction (shown in Figure 1) was placed
between two stainless steel plates. The four corners of
the plate were then locked using bolts to introduce
Table 1. Cu and Ni Plating Operating Conditions

Electroplated Cu or Ni (Cu EP or Ni EP)
Temperature
Current Density
Time
Thickness

60 °C
0.012 A
1 min
2 µm

Table 2. Titanium Sputtering Operating Conditions

Sputtered Ti (Ti SP)
System
Vacuum
Time
Cooling
Thickness

DC
1.5 h
4h
1h
5 nm
April 2021 | Vol. 25 | No. 1
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crystallization point (peak) was 765 K, and the glass
transition temperature (Tg) was 637 K. When the phase
change occurs, the heat of crystallization was released,
and the heat flow of the exothermic peak changes very
significantly. The proportion of amorphous phases in
the metallic glass was high enough to form a sharp and
high exothermic peak. In order to further confirm that
the sample was amorphous, the test piece was examined
by XRD analysis. The XRD pattern of the
Cu45Zr45Al5Ag5 alloy is shown in Figure 2d. From the
diffraction pattern, sharp winding with no crystal
diffraction was observed [10].
Figure 1. Schematic Diagram of the Multilayer Structure

compressive stress on the layered structure in the joint
reaction. The purpose of this step was to prepare the
heat treatment process–simulated joint reaction in a hot
environment (thermo–compression), which was also
applied to the test results. The layered structure between
the two stainless steel plates was placed in a furnace at
275 °C and 300 °C with a reflow for 1 hour so that a
liquid–solid interface reaction occurred between the
solder and metallic glass layer. The reflow sample was
then aged at 50 °C–200 °C for 0–192 hours.
After cooling, samples were mounted with Bakelite
powder using a heat mounting machine (SimpliMetTM
3000 Mounting Press, Buehler, U.S.A.). Next, rough
sanding using a sharpening and polishing machine
(MetaServ® 250 Twin, Buehler, U.S.A.) with 400-mesh
silicon carbide sandpaper was conducted followed by
fine sanding from 800-mesh to 4000-mesh. Polishing to
a smooth and scratch-free surface was performed using
alumina powder with particle diameters of 1 μm and 0.3
μm dissolved in deionized water. After sharpening and
polishing, an ultrasonic vibratory polisher (VibroMet®
2, Buehler, U.S.A.) was used for further polishing for a
more precise sample surface.
Analysis. To ensure the connection of the Cu/Ni/Ti
coated BMG, the surface morphology was evaluated
using scanning electron microscopy (SEM, HITACHI
TM3000). Energy dispersion spectrometry (EDS) was
used to determine the composition of the resulting IMC.
An electron microprobe analyzer (electron probe X-ray
microanalyzer, EPMA; JXA-8200, JEOL, Japan) was
used for quantitative analysis. The IMC structure was
verified using X-ray diffraction (XRD) with a Bruker
D2 PHASER X-ray Diffractometer (λ = 0.154 nm).

3. Results and Discussion
Analysis of the BMG. As shown in the BEI image of
Figure 2a, the cylindrical alloy did not have a crystal
precipitation phase on the surface. Additionally, the
atomic percent results were not much different than the
composition of the Cu45Zr45Al5Ag5 alloy, as shown in
Figure 2b. Additionally, Figure 2c shows that the
Makara J. Technol.
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BMG vs SB Solders. Figure 3 shows the results of the
SB solder analysis after joining with BMG. As shown in
Figure 3a, a diffusion layer was formed between the
BMG and Cu layer in the final BMG layer. This phase
had a dominant composition of 35.03% O, 20.58% Cu,
16.09% Zr, and 12.30% Sn, which was identified as a Zr
(Cu, Sn) phase using EDS [11]. The phases between the
SB solder and Cu in Figure 3c are Cu6Sn5 and Cu3Sn.
These results are similar to experiments conducted by
Hu [12]. Additionally, the test results show that SB
solder can be used to connect Cu–Zr-based BMG based
on the CuEP/SB/Cu splicing reaction. However, the
compression junction shown in Figs. 3b–c shows the
appearance of a micro crack after the Cu–Zr BMG
layer, indicating the SB solder accumulates compressed
internal stresses. Alternatively, in Figs. 3b–c, no
diffusion layer was formed between BMG and Ti/Ni
layers at the end of BMG.
BMG vs SZ Solders. Figure 4 shows a cross-section of
the BMG/SZ/Cu coatings. In Figure 4a, SZ containing
Sn and Zn over a large area produces oxides, which
results in the formation of cracks. This oxide production
generates and forms a rough oxide layer on the surface
of the solder. With the brittle nature of the oxide, which
replaces the solder layer, the mechanical properties
decrease. As previously demonstrated by Muhammad,
the mechanical properties can be influenced by the Cu
coating solution, which affects the presence of oxides
[13]. The presence of cracks that connect the entire
surface also allows penetration of OH− into the rough
oxide layer, causing cracks to spread deeper into the
solder area and produce more unwanted brittle oxide. In
Figure 4b, weaker oxides were observed at the interface.
The nickel layer acts as an effective diffusion barrier for
further precipitation [14]. The compounds under the Ni
layer were identified by EDS as Cu–Ni–Zn. There is no
continuous layer in this system. Figure 4c shows a large
hole in the interface of other systems, which indicates
the interaction between the Ti layer and SZ solder did
not happen. Zn atoms prefer to react with the Cu side to
form Cu5Zn8, which is identified by EDS. These results
are similar to the results of other studies [15]. Thus, the
solder diffuses downward while many vacancies occur
above, after the reflow reaction.
April 2021 | Vol. 25 | No. 1
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Figure 2. (a) SEM, (b) EDS, (c) DSC, and (d) XRD results for Cu45Zr45Al5Ag5 BMG

Figure 3. BEI images of (a) Cu–Zr based BMG
CuEP/SB/Cu,
(b)
Cu–Zr
based
BMG
NiEP/SB/Cu, and (c) Cu–Zr based BMG
TiSP/SB/Cu after reflowing at 275 °C for 1 h

Figure 4. BEI images of (a) Cu–Zr based BMG
CuEP/SZ/Cu,
(b)
Cu–Zr
based
BMG
NiEP/SZ/Cu, and (c) Cu–Zr based BMG
TiSP/SZ/Cu after reflowing at 275 °C for 1 h

1
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Diffusion Layer Evolution. Figure 5 shows a study of
the IMC thickness with the time of a Cu–Zr based BMG
CuEP/SB/Cu reaction at reflowing of 275 °C for 1 h and
aging at 80 °C. The IMC layer grew thicker over time,
and the composition and generation mechanism must be
determined from other analytical studies. The EDS of
the diffusion interface for the composition ratio of the
diffusion layer between the BMG and copper plating is
shown in Figure 5. EDS confirmed the (Cu,Sn)Zr phase
after aging for 48 h (Figure 5a) and aging for 96 h
(Figure 5b). Increasing the aging time produced a new
transformation phase, Cu10Zr7, as shown in Figure 5c.
However, in the BEI images at high magnification, there
were two different color patches in the diffusion layer.
One is a dark area where the area ratio was large and the
weight of the compounds was light, and the other area is
because of the weight of the composition elements.
Light areas were scattered in the dark area, indicating
that there may be two or more phases in the diffusion
zone and not a single phase. However, the phase
composition of the light region of the diffusion layer
exceeds the maximum 1 µm resolution for the EDS
discriminant principle. Therefore, it is necessary to rely
on other material analysis techniques to analyze the
growth mechanism of the component and the diffusion
zone for further component analysis and to determine
the compositional phase.
BMG with a Ti Sputtered Joint. A higher resolution
was used to ensure the interconnection between Cu–Zr
based BMG TiSP and SB solder. As shown in Figure 6,
the clearer resolution indicated a gap between the Ti
layer and SB solder. The analysis measured a separation
of approximately 0.9 µm, which means no reaction
occurred between the Ti layer and SB solder. A similar
condition as the SZ system is shown in Figure 4c. As
shown in Figure 6, the Sn atoms from the SB solder
preferred to diffuse into the Cu side to form Cu3Sn after

Figure 5. BEI images of Cu–Zr based BMG CuEP/SB/Cu
after reflowing of 275 °C for 1 h and aging at 80
°C for (a) 24 h, (b) 48 h, and (c) 96 h
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aging 192 h. In previous studies, a Cu-Ti alloy substrate
was formed as the IMC when reacted with both Sn and
Sn-3.0 wt% Ag-0.5 wt% Cu (SAC) solder. In addition
to Cu6Sn5 IMC formation, there was precipitated Ti2Sn3
[16], [17]. However, Cu–Zr based BMG TiSP did not
effectively react with the SB and SZ solders.
EPMA Analysis. Given the qualitative and semiquantitative accuracy of EDS and qualitative X-ray
diffractometry analysis, this study was supplemented
with an electronic microprobe analyzer (Electron Probe
X-ray MicroAnalyzer, EPMA) for quantitative analysis
and to match components of the line scan interface with
the changes observed. As shown in Figure 7a, is a
multilayer glass reaction even Cu45Zr45Al5Ag5 metallic
glass/copper/SB/copper substrate through reflow at 275
°C for 1 h Aging 80oC 96 h thermal compression
bonding results in 5000 times to EPMA BEI under
observation and analysis of the image. The line scan from
left and right in the selected area is the BMG-SB solder
end to end. Furthermore, though the SB solder on the
copper substrate side of the interface reaction is clear, it
is not clear in the line scan analysis. The atomic
percentage (at.%) and line graph distance relationship is
observed in the leftmost area of the BMG consisting
essentially of 45.4361 Cu-44.2915 Zr-4.6624 Al-5.61
Ag. This composition is similar to the theoretical value,
Cu45Zr45Al5Ag5. The composition is then the diffusion
layer of 33.5483 O-29.781 Cu-17.6004 Zr-12.3263 Sn4.996 Al-0.9501 Bi-0.7979 Ag based on the XRD
analysis of the area, as shown in Figure 8a, where the
ripples of light are likely Cu10Zr7. Below the layer, the
composition of Cu is 98.4765 and was confirmed by
EPMA as Cu. Further down, EPMA shows that the
layer consists essentially of 94.7628 Sn-3.8214 Bi,
which was confirmed as Sn-rich in the SB solder side.
Figure 7b shows the results of a multilayer reaction of
the Cu45Zr45Al5Ag5 metallic glass/copper /SB/copper
substrate after thermal compression bonding through
reflow at 275 °C for 1 h and aging at 100 °C for 192 h,
followed by observations under a 5000 EPMA BEI
image. The left and right ends of the line scan area are
selected from the BMG end as copper plated. In
addition, because the interface reaction of the SZ solder
to the copper end of the substrate is clear, it is not for
line scan analysis. From the line graph of the atomic

Figure 6. BEI images of Cu–Zr based BMG TiSP/SB/Cu
at reflowing of 275 °C for 1 h and aging at 80
°C for 192 h
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Figure 7. EPMA line scan from the BMG side to the solder side with the reaction couple of (a) Cu–Zr based BMG
CuEP/SB/Cu reflow at 275 °C for 1 h and aging at 80 °C for 96 h and (b) Cu–Zr based BMG CuEP/SZ/Cu reflow at
275 °C for 1 h and aging at 100 °C for 192 h

percentage (at. %) versus distance, the leftmost metallic
glass has a major component of 46.015 Cu-43.2638 Zr5.6765 Al-5.0447 Ag. This composition approximates
the theoretical value of Cu45Zr45Al5Ag5. The composition
of the diffusion layer is then 48.2447 O-24.473 Zr21.4178 Cu-3.3432 Al-1.3924 Ag-0.8217 Zn-0.3072 Sn.
According to the quantitative analysis results and
considering that Zr has a great affinity for O, the main
composition of the layer is ZrO2. This result is
consistent with the study of the oxidation behavior of
copper-zirconium based metallic glass by Kai [4].
However, from the comparison of BEI image maps, the
diffusion layer is not a unidirectional zone, so other
components still need to rely on subsequent analysis.
EPMA demonstrated that the main composition of the
next layer was Cu.
XRD Analysis. A ripple of dark light areas was
observed; however, the scale is very small and beyond
the 1 µm resolution of EDS. Therefore, this study
evaluated the internal crystal structure using XRD
analysis, as shown in Figure 8. Through XRD analysis
and comparison to the JCPDS database, the diffusion
layer may be the intermetallic phase of Cu10Zr7 oxide
ZrO2. However, based on the BEI image maps, the
darker color contrasts the lighter elements, indicating
the dark area of the oxide is ZrO2. The area where the
ripples of light whether the composition phase
intermetallic phase Cu10Zr7 shall rely on subsequent
analysis determined.
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Figure 8. XRD results of the diffusion layer of (a) Cu–Zr
based BMG CuEP/SB/Cu reflow at 275 °C for 1
h and aging at 80 °C for 96 h and (b) Cu–Zr
based BMG CuEP/SZ/Cu reflow at 275 oC for 1
h and aging at100 oC for 192 h
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The study investigated the Cu–Zr based BMG/layer/
lead-free solder/copper substrate coupling reaction. The
BMG was plated by a wetting layer of Cu, Ni, or Ti and
reacted with SB or SZ solders. Using a variety of
surface analysis techniques, the diffusion layer between
the BMG and Cu plating was observed to thicken with
time. The main components of the diffusion layer were
ZrO2 and Cu10Zr7. This research is expected to be
further developed in the semiconductor field, especially
for electronic packaging.
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